Aims/hypothesis The enzyme hormone-sensitive lipase (HSL) is produced and is active in pancreatic beta cells. Because lipids are known to play a crucial role in normal control of insulin release and in the deterioration of beta cell function, as observed in type 2 diabetes, actions of HSL in beta cells may be critical. This notion has been addressed in different lines of HSL knockout mice with contradictory results. Methods To resolve this, we created a transgenic mouse lacking HSL specifically in beta cells, and characterised this model with regard to glucose metabolism and insulin secretion, using both in vivo and in vitro methods. Results We found that fasting basal plasma glucose levels were significantly elevated in mice lacking HSL in beta cells. An IVGTT at 12 weeks revealed a blunting of the initial insulin response to glucose with delayed elimination of the sugar. Additionally, arginine-stimulated insulin secretion was markedly diminished in vivo. Investigation of the exocytotic response in single HSL-deficient beta cells showed an impaired response to depolarisation of the plasma membrane. Beta cell mass and islet insulin content were increased, suggesting a compensatory mechanism, by which beta cells lacking HSL strive to maintain normoglycaemia. Conclusions/interpretation Based on these results, we suggest that HSL, which is located in close proximity of the secretory granules, may serve as provider of a lipidderived signal essential for normal insulin secretion. 
Introduction
It is now widely accepted that failure of insulin secretion is the pre-eminent contributor to type 2 diabetes. Lipid signalling is regarded by many as a critical and possibly pathogenetic factor in the control of insulin secretion [1] . Several models describing intracellular and extracellular pathways for this control have been proposed. Lipolysis, i.e. the breakdown of triacylglycerol to NEFA and glycerol, in beta cells, has emerged as an important but controversial process. Hormone-sensitive lipase (HSL) controls lipolysis in adipocytes [2] ; it has a broad substrate specificity, hydrolysing tri-, di-and monoacylglycerols, as well as cholesteryl and retinyl esters [3] . The activity of HSL is controlled by hormones via changes in intracellular cAMP levels and the consequent phosphorylation of protein kinase A (PKA) [4] .
We have previously shown that HSL is active in pancreatic beta cells [5] . Here, HSL may generate lipid coupling signals for insulin secretion via lipolysis, including long-chain acyl-CoAs (LC-CoAs) and diacylglycerol [1, [6] [7] [8] [9] . To this end, LC-CoAs have been shown to stimulate insulin secretion, possibly via the activation of protein kinase C [10] , direct interaction with the exocytotic machinery [11] or via activation of the ATP-sensitive K + channel [12] . The critical role of lipolysis has been further highlighted by studies using lipase inhibitors: thus orlistat, a pan-lipase inhibitor, blocks lipolysis and insulin secretion in rat islets [13] , while a selective inhibitor of HSL has been shown to inhibit insulin secretion from rat islets [14] . Moreover, a positive correlation between lipolysis and insulin secretion exists in INS-1 cells and mouse islets [15] . Hence, loss of HSL from beta cells could block mobilisation of lipids from stored triacylglycerol and abrogate lipid signalling. With time, triacylglycerol could accumulate within the pancreatic beta cell. The detrimental effect of this could be dual. First, abolished lipid signalling could impair insulin secretion; second, the excess of stored lipid in the beta cell could arguably lead to cellular dysfunction, i.e. lipotoxicity, and ultimately type 2 diabetes [16, 17] .
Four independent lines of HSL knockout (KO) mice have been reported [18] [19] [20] [21] . While HSL KO mice are lean, all lines exhibit male infertility [18, 22, 23] . In half of the HSL KO lines, some indication of insulin resistance exists, the exception being the Ishibashi line, where fasting plasma glucose levels are either unchanged or decreased, while insulin levels are unaltered [24] , and the Zechner line, which exhibits increased insulin sensitivity in liver [20] . Increased hepatic insulin sensitivity was later reproduced in the Mitchell HSL KO line [25] . Euglycaemic-hyperinsulinaemic clamps have not clarified the issue: our HSL KO line displayed impaired hepatic insulin response [21] , while that of Mitchell showed an exaggerated response [25] . In terms of insulin secretion, our line of HSL KO mice responds vigorously to glucose and arginine in vivo [21] , and to several other secretagogues in vitro [26] . In contrast, Prentki's group reported perturbed insulin secretion in vivo and in vitro [27, 28] in the line produced by Mitchell [19] , a phenotype evident in male mice and pronounced upon fasting. Female mice, however, of this HSL KO line exhibit increased glucose-stimulated insulin secretion in islets isolated from fed and fasted animals [28] . The discrepancies in and between the genetically targeted mice may be attributed to different genetic backgrounds, redundancy and/or the compensatory actions of other lipases. Indeed, a novel lipase, adipocyte triacylglycerol lipase (ATGL), has been discovered in HSL KO mice [29, 30] , and was found to be expressed also in beta cells and islets [30] .
To elucidate a role for HSL in insulin secretion, we created a genetic model for HSL-deficiency in beta cells, which should be less prone to problems inherent in the preexisting global HSL KO lines. A beta cell-specific KO of HSL (beta HSL KO) was created by Cre-mediated recombination (rat insulin 2 promoter [RIP2] Cre mouse) [31] [32] [33] in the beta cells of a transgenic mouse with LoxP sites flanking exons 2 to 7 in Hsl (also known as Lipe) [20] . In the present study, we show that a beta cell-specific loss of HSL results in hyperglycaemia due to impaired insulin secretion. Our data support the notion that the lipase plays a critical role in beta cell stimulus-secretion coupling.
Methods
Reagents and ethical approval All reagents were from Sigma (St Louis, MO, USA) unless otherwise stated. The studies were approved by The Regional Animal Ethics Committee in Lund, Sweden.
Animals and breeding strategies An SV129/C57BL/6J mouse line carrying a mutated Hsl allele, in which exons 2 to 7 in the Hsl gene were flanked by LoxP sites [20] , was crossed with a line (C57BL/6J) expressing the CRE recombinase under control of the RIP2 [31, 32] Tissue isolation and RT-PCR mRNA was prepared either from frozen adipose tissue or fresh islets (mRNA Easy Plus mini kit; Qiagen, Hilden, Germany) from 5-week-old beta HSL KO and WT/Lox mice. cDNA was obtained by reverse transcription. PCR with the following primers was performed: (1) 5′-CATGCACCTAGTGCCATCCTTC-3′; (2) 5′-CTCACTGAGGCCTGTCTCGT TG-3′; and (3) 5′-TACCGAGCCATCTTCCTAGTCC-3′. Primers 1 and 2 were used to detect the full-length HSL construct (390 bp) and primers 1 and 3 the truncated HSL construct (250 bp), which were separated on a 1% agarose gel.
Blood sampling and analysis Blood was collected by retroorbital sampling. Glucose was determined in plasma by Infinity Glucose Ox (TR 1521-125; Thermo Electron, Melbourne, VIC, Australia). Insulin, leptin and adiponectin in plasma were measured by radioimmunoassay (Linco Research, St Charles, MO, USA).
Tolerance tests Intravenous glucose tolerance, arginine tolerance and insulin tolerance tests were performed as previously described [21] and responses calculated as AUC using the trapezoid model. In all in vivo investigations, plasma glucose and hormone levels were determined in retro-orbital blood samples collected at the time-points indicated. For fasting samples, mice were deprived of food at 23:00 hours and samples were taken from anaesthetised mice at 7:00 hours.
Insulin secretion in vitro Islets were isolated and insulin secretion experiments were performed as described [26] . Assay buffer samples were removed for measurement of insulin by ELISA (Novo Nordisk, Copenhagen, Denmark).
Capacitance and ion current measurements in single beta cells Single islet cells were dissociated, using a Ca 2+ -free solution and cultured as described [34] . Whole-cell currents and exocytosis were measured in standard whole-cell configuration of the patch-clamp technique as described [34] . Exocytosis was detected as changes in membrane capacitance, using a software-based lock-in application of the amplifier (Pulse software version 8.50; HEKA Electronik, Lambrecht, Göttingen, German). Experiments were conducted at 32 to 34°C.
Immunocytochemistry and measurement of beta cell mass Immunocytochemistry and measurement of beta cell mass were performed as described [35] . Digitised images of all islets in three sections per animal were analysed. Islet areas were measured and the mean area of insulin staining was calculated using Image Pro Plus Software (Media Cybernetics,Bethesda, MD, USA); the identity of the sections was unknown to the investigator.
Oil Red O staining and optical density analysis Oil Red O (Fluka Chemie, Buchs, Switzerland) was prepared. Sections (10 μm) from frozen pancreas were cut in a cryostat, thawed, air-dried and fixed [35] . As an index of neutral lipid content that would reflect triacylglycerol content, optical density was measured in four randomly chosen slides from the KO mice and three slides from controls.
Mouse body scan A whole-body scan (dual-energy X-ray absorptiometry [DEXA]) of mice as described [36] was used to determine fat distribution as percentage body fat.
Quantitative real-time PCR Quantitative real-time PCR was performed on islet beta HSL KO and WT/Lox cDNA. A custom-made Taqman gene expression assay (Applied Biosystems, Foster City, CA, USA) for mouse Atgl (also known as Pnpla2) was employed (NM_025802). The cycle threshold values obtained by the real-time PCR reaction (7900HT Thermal Cycler; Applied Biosystems) were normalised to the values for mouse beta actin and human 18S RNA (Hs999901.s1).
Statistical analysis Values are given as means ± SEM. Data were analysed with a two-tailed unpaired t test unless otherwise stated. In all tolerance tests, AUC was calculated and compared with a two-tailed t test. Data analysis of realtime PCR was performed with the Kruskal-Wallis test with Dunn's test post hoc. p values of <0.05 were considered significant.
Results
Cre-mediated recombination in beta cells abrogates Hsl expression in islets PCR products from RT-PCR reactions on adipose tissue and islet cDNA from 5-week-old beta HSL KO and WT/Lox mice are shown in Fig. 1 . cDNA from islet beta HSL KO mice contained the truncated HSL construct (250 bp), indicating that recombination has occurred. Adipose tissue cDNA from beta HSL KO and WT/Lox, and islets from WT/Lox contained the full length construct (390 bp). Thus, recombination in beta cells was efficient, having created a specific knockout of HSL in beta cells.
Glucose disposal in beta HSL KO mice is delayed due to a blunted acute insulin response We found that basal plasma glucose levels were significantly elevated in 12-week-old beta HSL KO mice (Fig. 2a ). An IVGTT in 12-week-old fasted mice (8 h) revealed delayed glucose clearance in beta HSL KO mice ( Fig. 2b ; for incremental AUC, see Table 1 ). The initial insulin response was severely blunted in beta HSL KO mice (Fig. 2c) . The acute insulin response (AIR) to glucose (AIR Glucose ) was 840±190 versus 175±48 pmol l −1 min −1 in WT/Lox versus beta HSL KO mice, respectively (p<0.001) ( Table 1 ). The differences in AIR Glucose suggest a selective loss of the first phase of insulin secretion in the beta HSL KO mouse. An IVGTT was also performed in fed mice; here, glucose clearance was similar in both genotypes. However, the perturbed insulin response was still evident (Electronic supplementary material [ESM] Fig. 1a, b) . Thus, mice lacking HSL in beta cells exhibited basal hyperglycaemia, decreased glucose elimination and a blunted initial insulin response.
Arginine reveals an impaired secretory capacity in beta HSL KO mice Beta HSL KO mice were challenged with arginine to determine the maximal stimulatory response. Beta HSL KO mice aged 12 weeks responded to arginine with a reduced insulin response ( Fig. 3a; for AIR Arginine and AUC, see Table 1 ). Interestingly, arginine-stimulated glucagon secretion was also significantly reduced in beta HSL KO mice (Fig. 3b) .
Insulin tolerance test in beta HSL KO mice Glucose clearance during the IVGTT was not significantly different between the two genotypes in fed animals despite impaired early insulin secretion, possibly indicating a compensatory increase in insulin sensitivity in the beta HSL KO animals. Therefore, an insulin tolerance test (ITT) was performed. Glucose disposal appeared to be slightly more efficient in beta HSL KO mice than in WT/Lox mice (Fig. 3c ). This suggests enhanced peripheral sensitivity to insulin, which was corroborated by a significant increase in the Δ-value at T 0 − T 15 in beta HSL KO mice. However, calculation of the inverse AUC ITT , another index of insulin sensitivity, revealed that glucose disposal upon insulin injection was actually impaired in beta HSL KO mice. These ambiguities may be due to the fact that basal plasma glucose was elevated in the beta HSL KO mice, calling for caution when interpreting the data (for Δ values and AUC
À1
ITT , see Table 1 ).
Insulin secretion from isolated islets revealed a loss of the initial insulin response Because the IVGTT suggested a selective loss of first-phase insulin secretion, we initially performed a short static incubation (10 min) to assess early insulin secretion in vitro. Islets from WT/Lox mice responded with a 2.3-fold increase in insulin secretion when glucose levels were raised, while islets from beta HSL KO mice failed to respond (Fig. 4) . The same pattern was observed when islets were stimulated with 2.8 or 16.7 mmol/l glucose and 70 mmol/l KCl. In contrast, in a 1 h static incubation, no significant differences in insulin secretion were detected between the genotypes upon Table 1 . Values are mean ± SEM for two independent experiments where the number of animals in KO and control groups was 12. **p<0.01 stimulation by glucose and KCl (Fig. 5a,b) . To examine whether the effect of lipids on insulin secretion [37] was still intact in islets from beta HSL KO mice, we stimulated islets with 1 mmol/l palmitate in the presence of low or high glucose. Islets from both genotypes responded equally well to the combination of palmitate and glucose (Fig. 5c) . Glucagon-like peptide-1 is an incretin that stimulates insulin secretion via a rise in cAMP and subsequent activation of PKA [38] . We therefore stimulated isolated islets with 100 nmol/l glucagon-like peptide-1; no differences were observed (Fig. 5d) . Carbacholine potentiates insulin secretion via the phospholipase C pathway. Stimulation of insulin secretion with 100 μmol/l carbacholine was equally effective in islets from both genotypes (Fig. 5d) . Finally, we stimulated islets with α-ketoisocaproic acid (α-KIC), which is known to exert strong insulinotropic effects; [38] stimulation of islets from beta HSL KO and WT/Lox mice by 10 mmol/l α-KIC did not reveal any significant differences in insulin secretion (Fig. 5d ).
Capacitance and current recordings in single beta cells revealed a loss of the initial phase of insulin secretion in the absence of HSL Exocytosis evoked by a train of depolarisations resulted in a reduced exocytotic response in beta cells from KO mice (Fig. 6a,b) . The total increase in membrane capacitance was reduced by~70% in beta cells from the beta HSL KO mice. Because exocytosis depends on the influx of Ca 2+ through voltage-dependent calcium channels [39] , we investigated the voltage-dependent Ca 2+ currents. The maximum peak-current was similar in beta cells from both genotypes (42±4 (n=9) and 36±4 pA (n=9), respectively). Thus, the reduction in exocytosis in the beta HSL-KO mice is not due to a reduced influx of Ca 2+ into beta cells.
Insulin content and beta cell mass are increased in beta HSL KO mice We found that insulin levels in islets from 12-week-old beta HSL KO mice were increased by 2.3-fold (Table 1) . Using morphometrical analysis, we observed an increase in beta cell mass in beta HSL KO islets (Table 1) . Thus, the impaired insulin secretory response cannot be attributed to a reduction in insulin content or beta cell mass. The observed increase in insulin content is likely to be accounted for by the increase in beta cell mass.
Plasma levels of adiponectin were unchanged in beta HSL KO mice, whereas whole-body fat and leptin levels were increased Adiponectin, and possibly leptin are known to enhance insulin sensitivity [40, 41] . Therefore, we determined adiponectin and leptin in plasma from 12-week-old mice. We found no significant differences in the plasma adiponectin levels (Table 1) . However, a 3.5-fold increase in plasma leptin was observed in the KO mouse (p<0.05; Table 1 ). We therefore investigated body fat distribution in 12-week-old mice, and found a significant increase in overall fat content in beta HSL KO compared with WT/Lox mice (20 vs 15%; p<0.01; Table 1) . Surprisingly, this increase in body fat did not affect total body mass since both WT/Lox and beta HSL KO mice displayed similar weight curves during the study ( 9 g [n=10] ). The increase in body fat in the beta HSL KO mouse probably occurs at the expense of lean body mass. Neutral lipids in islets An ablation of HSL could potentially cause an accumulation of triacylglycerol within the beta cells. We therefore stained pancreatic sections from both beta HSL KO (n=4) and WT/Lox mice (n=3) with Oil Red O, which binds to neutral lipids. On visual inspection of islets in the sections, there were no apparent differences between the two genotypes (Fig. 7a,b) . A quantitative analysis, assessing optical density, suggested a trend towards increased incorporation of lipid within the islets of beta HSL KO mice (p=0.059).
For representative staining with Oil Red O, see ESM Fig. 2a, b , which shows staining of neutral lipids in islets from a normal-diet-fed C57BL/6J mouse compared with a high-fat diet-fed mouse. (1 h) incubations in vitro. a Islets from 9-week-old beta HSL KO (black bars, all panels) and WT/Lox (white bars, all panels) mice were stimulated in vitro with 2.8 and 16.7 mmol/l glucose in 1 h batch incubation experiments. No significant differences were detected between the genotypes. Islets were then stimulated (b) with 2.8 and 16.7 mmol/l glucose in the presence of 35 mmol/l KCl and 250 μmol/l diazoxide (Dz; K ATP -independent conditions). Here, too, no differences were detected. When stimulating islets (c) with 1 mmol/l palmitate (PA) at either 2.8 or 16.7 mmol/l glucose, islets from beta HSL KO mice responded equally well as islets from WT/Lox mice. d Islets were stimulated with 16.7 mmol/l glucose and 100 nmol/l glucagon-like peptide-1 (GLP-1) or 100 μmol/l carbacholine (Carb), or with 2.8 mmol/l glucose and 10 mmol/l α-KIC. Again, no differences were seen. Values are means±SEM for three independent experiments using islets from two animals of each genotype Table 1 . Glucagon release (b) in the ATT was reduced in 12-week-old beta HSL KO islets (black squares) compared with WT/Lox (white diamonds) mice. AUC, see Table 1 . c Differences in glucose clearance after an ITT in 10-week-old beta HSL KO (black squares) and WT/Lox (white diamonds) mice, respectively. For Δ values see Table 1 . Values are mean±SEM for two independent experiments; ten animals per group Expression of Atgl is unaltered in islets from beta HSL KO mice Given the fact that ATGL has been discovered in adipose tissue and islets [29, 30] we investigated its expression in our model. Using quantitative real-time PCR, we found that Atgl was expressed in islets of our mice and thus could play a role in lipid metabolism in the beta cell. However, no significant difference in the mRNA expression of Atgl between beta HSL KO and WT/Lox islets was observed (1.08±0.5 vs 1.01±0.1; p>0.8; n=5 for each group), suggesting that redundancy attributable to ATGL is unlikely in beta HSL KO mice.
Discussion
Following the discovery of HSL in pancreatic beta cells [5] , several attempts to find a role for this lipase in the control of insulin secretion have been made. One view is that HSL could generate lipid signals that augment insulin secretion. For instance, LC-CoAs and diacylglycerol [1, 6] are both lipid-derived molecules that potentially could be generated by HSL upon lipolysis. The role of lipases in insulin secretion has been emphasised by islet studies, using different pharmacological inhibitors [21, 42] . Recently, a specific inhibitor of HSL, 5-(2H)-isoxazolonyl urea, was shown to significantly inhibit insulin secretion in rat islets [14] . Together, these data suggest an important role for HSL in stimulus-secretion coupling and insulin secretion.
While pharmacological studies have supported the idea of a role for lipases in insulin secretion [13, 42] , such studies have their shortcomings. It was therefore hoped that a global KO mouse would provide clear information about the role of HSL in beta cells. However, the different HSL KO lines exhibit varying phenotypes with respect to glucose homeostasis. Whereas the HSL KO mice created by Mitchell's laboratory exhibit both enhanced and impaired glucose-stimulated insulin secretion under different in vivo and in vitro conditions [27] , the HSL-deficient mice created in our laboratory are insulin-resistant but compensate adequately with increased insulin secretion in vivo [21] . However, neither beta cell physiology nor insulin secretion has been studied in all global HSL KO lines [18, 20] . Therefore it is difficult to fully evaluate the observations on glucose homeostasis in these mouse lines. Nevertheless, the discrepancies may be attributed to differences in genetic background, genetic redundancy and/or the compensatory actions of other lipases. Thus, the lack of effect on insulin secretion in vitro in our global HSLdeficient mice [26] may be due to the compensatory actions of other lipases in islets. The identity of such (a) lipase(s) was until recently unknown. Previous work had suggested the action of another lipase in fibroblasts isolated from HSL-deficient mice [43] . Later, several groups identified a novel triacylglycerol lipase active in adipose tissue (ATGL) [29, 44] . We have also found Atgl to be present in mouse islets and clonal beta cells [26] . This was further confirmed in the present study. Because Cre recombinase is not expressed until 11 days post conception [31] , compensatory effects of other genes are less likely to occur. Therefore, a beta HSL KO could be less prone to redundancy and potentially clarify the role of HSL in beta cells.
In this study, we show that lack of HSL does indeed impact on insulin secretion. We showed that fasted beta HSL KO mice are hyperglycaemic and display retarded glucose clearance in vivo. The initial insulin secretory response in vivo and in vitro was blunted. This suggests that actions of HSL play an important role in the first phase of insulin release, possibly via a direct effect on exocytotic processes. We also showed that total insulin content was a 2.3-fold higher in beta HSL KO islets. Had we corrected for total insulin content in the in vitro secretion experiments, thus presenting the data as fractional insulin release, then not only early but also later phases of insulin secretion would appear as impaired. Recent work has shown that HSL is located in close proximity to the secretory granules in the pancreatic beta cell [45] . Our present findings therefore provide a functional correlate of this compartmentation of HSL. This is remarkably different from the function of HSL in adipocytes, where HSL is localised in the cytosolic compartment and translocates to the lipid droplet upon activation by PKA [4] . Whether such translocation occurs in beta cells is unknown. In fact, while very little is known about the structure of triacylglycerol stores in beta cells, studies have demonstrated lipid droplet formation within beta cells, either upon exposure to NEFA or in animals fed a high-fat diet [16, 35] .
Changes in beta cell mass are observed in many mouse models of diabetes, emphasising the plasticity of beta cells in response to metabolic stress [46] . The changes in beta cell mass and total insulin content shown here are likely to be part of an intricate interplay of physiological and cellular mechanisms by which the beta cells attempt to maintain normal glucose levels. Because HSL is completely abolished from beta cells in our model, the increase of adipose tissue with the accompanying elevation of plasma leptin may also be part of these compensatory mechanisms to maintain glycaemic control. In fact, an increase in intraabdominal fat has been associated with insulin resistance, whereas an increase in subcutaneous fat correlates with increased leptin levels and improved insulin sensitivity [47] . While the DEXA scan performed on our beta HSL KO mice does not discriminate between different fat depots, visually the increase in adipose tissue appeared to be subcutaneous. This may explain the increase in leptin levels. Whether insulin sensitivity is affected in beta HSL KO mice remains unclear, since the data on insulin sensitivity were ambiguous. Clearly, an ITT does not take endogenous insulin secretion and the action of counterregulatory hormones into consideration.
Our study was not designed to examine the long-term effects of altered lipid metabolism on beta cells. However, because the ablation of HSL in theory could cause an accumulation of lipids within the beta cell, we nevertheless investigated islet lipid content, but were unable to detect any significant changes. This is consistent with our previous observations in the global HSL KO [26] , but is in contrast to the findings in the Mitchell HSL KO line [27] . Using real-time PCR, we also measured mRNA levels of Atgl, a triacylglycerol lipase found to be active in adipocytes [29] . The lipase was expressed in mouse islets, but no differences in expression were found between the two genotypes, implying that compensation accounted for by ATGL, at least at the mRNA level, was not apparent in beta HSL KO islets.
Recently, concerns about glucose homeostasis in the RIP2 Cre mouse have emerged [48] . Lee et al. [48] reported that production of the CRE recombinase alone could be associated with glucose intolerance. This line is known to exhibit high levels of CRE recombinase in pancreatic beta cells, but also a low level in the hypothalamus [31] . It is a potential problem, since it has been proposed that HSL is produced in the hypothalamus [49] . However, we have been unable to detect any expression of Cre in the hypothalamus of our beta HSL KO mouse (data not shown). In addition, we have investigated glucose homeostasis and insulin secretion in vivo and in vitro in our line of RIP2 Cre mice [33] ; no differences between transgenic and WT mice were found. We were thus unable to replicate previous findings [48] . The penetration of Cre expression in the brain may vary with different genetic backgrounds of the RIP2 Cre lines. Our RIP2 Cre line is thoroughly backbred on to a pure C57BL/6J line, possibly explaining why it is less prone to genetic variability and also produces a clearer phenotype.
In conclusion, the data we present here suggest that HSL plays an important role in insulin secretion, possibly by producing lipid signals essential for the first phase of insulin release. The association of HSL with the secretory granules provides a structural correlate for these mechanisms [45] . Future work should focus on the identity of the lipid signals generated by HSL and perhaps other lipases in the beta cell.
